
Fetal Growth Restriction Has Long-Term Effects
on Postnatal Lung Structure in Sheep

GERT S. MARITZ, MEGAN L. COCK, SAMANTHA LOUEY, KEIJI SUZUKI, AND
RICHARD HARDING

Department of Physiological Sciences, University of the Western Cape, 7535 Bellville, South Africa
[G.S.M.], and Department of Physiology, Monash University, Melbourne 3800, Australia [M.L.C., S.L.,

K.S., R.H.]

We have previously shown that fetal growth restriction (FGR)
during late gestation in sheep affects lung development in the
near-term fetus and at 8 wk after birth. In the present study, our
aim was to determine the effects of FGR on the structure of the
lungs at 2 y after birth; our hypothesis was that changes observed
at 8 wk after birth would persist until maturity. FGR was induced
in sheep by umbilicoplacental embolization, which was main-
tained from 120 d until delivery at term (approximately 147 d);
birth weights of FGR lambs were 41% lower than in controls. At
2 y after birth, body and lung weights were not different, but
there were 28% fewer alveoli and alveoli were significantly
larger than in controls; hence there was a 10% reduction in the
internal surface area relative to lung volume in FGR sheep
compared with controls. The lungs of FGR sheep, compared with
controls, had thicker interalveolar septa as a result of increased
extracellular matrix deposition; the alveolar blood–air barrier
was also thicker, largely because of an 82% increase in basement
membrane thickness. These changes are qualitatively similar to
those observed at 8 wk. Our data show that structural alterations
in the lungs induced by FGR that were apparent at 8 wk were still
evident at 2 y after birth, indicating that FGR may result in
permanent changes in the structure of the lungs of the offspring

and may affect respiratory health and lung aging later in life.
(Pediatr Res 55: 287–295, 2004)

Abbreviations
BW, body weight
ECM, extracellular matrix
FGR, fetal growth restriction
GA, gestational age
Lm, mean linear intercept
NA, number of alveoli
PaCO2, arterial partial pressure of carbon dioxide
PaO2, arterial partial pressure of oxygen
RER, rough endoplasmic reticulum
SA, internal surface area
SV. surface density of the lung
TEM, transmission electron microscopy
ThBAB, harmonic mean thickness of blood–air barrier
Tw, septal thickness
UPE, umbilicoplacental embolization
Valv, alveolar volume
VA, percent airspace of the lungs
VL, right lung volume

Low birth weight as a result of FGR has been associated
with an increased risk of morbidity and mortality during
infancy (1, 2). It is likely that altered lung development may be
a contributing factor as it has been shown that the risk of
respiratory illness and the requirement for ventilatory support
is increased in FGR infants (3, 4). Respiratory impairments
may persist into later life because low birth weight children
who were growth-restricted in utero (5, 6), as well as adults
having low birth weights (7, 8), have evidence of impaired lung
function. At present, however, the structural basis for a rela-

tionship between FGR and later pulmonary dysfunction is
poorly understood.

The sheep is a suitable animal model in which to study the
effects of FGR on lung development; it is a long-gestation
species in which alveolar formation begins before birth (9), as
in the human (10), and which reaches sexual maturity 6 mo
after birth. Recently we found, in developing sheep, that
fundamental aspects of respiratory function were impaired
after FGR; FGR lambs were hypoxemic and hypercapnic soon
after birth and had reduced pulmonary diffusing capacity and
lung compliance up to 8 wk (11). In addition to these func-
tional alterations, we found that FGR induced structural
changes in lung parenchyma that were evident in the near-term
fetus and became more pronounced at 8 wk after birth (12). In
particular, the blood–air barrier and structure of interalveolar
septa were affected after FGR. It is possible that structural
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changes may compromise the diffusion capacity of the lungs
and other aspects of lung function of the offspring; hence we
considered it necessary to establish whether these changes are
permanent.

To determine whether alterations in lung structure observed
in FGR animals at 8 wk of age persist into maturity we have
performed a structural analysis of lung tissue from postnatal
sheep at approximately 2 y after birth. We induced FGR by
UPE as it replicates key features of human FGR (13, 14) and
the metabolic, cardiovascular, and endocrine effects of UPE
have been defined (15–17). Our hypothesis was that changes in
lung development induced by placental insufficiency and FGR
during late gestation, coinciding with the saccular and alveolar
phases of lung development, persist into adulthood. In addi-
tion, we measured pulmonary elastin content, as changes in
elastin could affect mechanical properties of the lungs. We
found that changes that were evident in FGR animals at 8 wk
after birth (12) were even more evident at 2 y of age.

METHODS

Surgical procedures. Sixteen pregnant ewes carrying 19
fetuses (nine with single fetuses, seven with twins) underwent
aseptic surgery at 116 � 1 (SEM) days after mating (term is
approximately 147 d), as previously described (17, 18). Anes-
thesia was induced with sodium thiopental (1 g i.v.) and
maintained by halothane (1.5–2.0% in O2). The fetal hindquar-
ters were exposed, and a catheter for both blood sampling and
the injection of microspheres for inducing UPE was implanted
into the fetal descending aorta via a femoral artery such that its
tip lay between the level of the renal arteries and common
umbilical artery (17). A catheter was inserted into the amniotic
sac so that amniotic fluid pressure could be monitored; in
addition electromyographic electrodes were sutured to the
uterus. Procaine penicillin (500 mg) and dihydro-streptomycin
(500 mg) were injected into all fetuses (i.m.) before uterine
closure. After exteriorization of catheters and closure of sur-
gical sites, sheep were housed in individual cages. In addition
to the sheep described above, we used four normal (control)
sheep that had not undergone surgery to provide a gender
balance between FGR and control groups. Details of animals in
the two groups are given in Table 1. This study was approved
by the relevant institutional ethics committees.

Induction of FGR. FGR was induced in 12 fetuses (seven
males, five females) by UPE from 120 d of gestational age
(GA) until the onset of labor. Insoluble microspheres (40–70
�m in diameter) were injected daily into the fetal femoral
artery catheter, sufficient to reduce fetal PaO2 by approximately
8 mm Hg below pretreatment PaO2 (17, 18). Fetuses forming
the control group (n �11; four males, seven females) were

subjected to daily injections of saline or were not operated on
(three males, one female). In all fetuses, we made daily mea-
surements of arterial oxygen saturation, PaO2, PaCO2, pH, and
glucose and lactate concentrations.

Once labor commenced, ewes were closely monitored until
lambs were born, delivery being assisted if necessary. All
lambs were born spontaneously per vaginum at term, except
one FGR animal in which delivery was induced owing to
deteriorating fetal condition. Immediately after birth, lambs
were dried and weighed, and the catheters were reconnected to
stopcocks and secured beneath elasticized netting. At regular
intervals up to 12 wk after birth, the animals were weighed, and
arterial gas tensions and pH measured. At 12 wk, catheters
were removed, and the animals were placed in a pasture; after
this, blood samples were taken less frequently using temporary
arterial catheters.

At 841 � 21 d after birth (FGR, 810 � 22.7 d; controls, 874
� 35.2 d; p � 0.05), animals were humanely killed with an
overdose of sodium pentobarbitone (i.v.). Static lung compli-
ance was measured, with the sheep in a supine position, after
intubating the trachea and exposing the lungs via a ventral
thoracotomy. While recording airway pressure, the lungs were
increasingly inflated at 500-mL increments to reach a maxi-
mum volume of 3000 mL; the lungs were then progressively
deflated. The inflation-deflation procedure was performed in
triplicate. Lung compliance was calculated from the slope of
the deflation limb of the pressure-volume curve between 2.0
and 0.5 L; this range included the fixed VL (described below).
The deflation limb was studied as it reflects mainly the tissue
elastic components and is less influenced by surfactant (19).

Lung tissue analysis. Pulmonary DNA and soluble protein
concentrations in lung tissue were determined using estab-
lished fluorometric DNA and colorimetric protein assays, re-
spectively (11). Pulmonary elastin content was quantified using
a modification of an established method (20). Briefly, lung
tissue was microdissected to remove larger airways and blood
vessels, homogenized in 0.15 M NaCl, then centrifuged; the
pellet was resuspended in 5 M guanidine HCl and incubated for
24 h at 25°C followed by centrifugation and a second incuba-
tion in 5 M guanidine HCl for 24 h to remove soluble proteins.
The tissue extract was then washed, resuspended in distilled
water, and autoclaved at 120°C to solubilize and remove
collagen. The pellet was washed further in distilled water, and
the remaining tissue extract, considered to be elastin according
to amino acid analysis (20), was made soluble by elastase. The
resulting peptides were quantified using a standard protein
assay.

Histologic preparation of lung tissue. Body and organ
weights were recorded, and the lungs were removed. The left
bronchus was ligated, and fixative (4% paraformaldehyde and
0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4) was
infused into the right lung via the trachea at 20 cm H2O; the left
lung was removed for biochemical analysis. After fixation, the
trachea was ligated, and the right lung was placed in a con-
tainer of fresh fixative at 4°C for 24 h. The volume of the right
lung fixed at 20 cm H2O (VL) was determined by volume
displacement (21), after which tissue samples were taken from
the upper, middle, and lower lobes. Lung volumes were deter-

Table 1. Numbers of maternal ewes and their offspring used in this
study

Maternal ewes
Offspring

(male/female)
Offspring

(single/twin)*

Control 11 4/7 11/0
FGR 9 7/5 2/10

* Within a twin pregnancy, one or both lambs were used.
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mined before and after the 24-h fixation period to detect
shrinkage. Because of minimal shrinkage (�2%), data were
not corrected for shrinkage. After the lung volumes were
determined, sections were embedded in paraffin wax, and
4-�m sections were cut and stained with hematoxylin and
eosin. The linear shrinkage of tissue blocks was determined
before and after processing with the use of a calibrated eye-
piece micrometer. Linear shrinkage was 3.2 � 0.3%. Tissue
blocks were trimmed at right angles to enable accurate mea-
surements of shrinkage. For light microscopy, tissue samples
were taken from each lobe and cut into 1 � 1 � 0.5-cm
portions that were embedded in paraffin wax. For TEM and
scanning electron microscopy, three samples from each lobe
were cut into cubes (approximately 1 mm3 and 8 mm3, respec-
tively). The cubes for TEM were washed in 0.1 M cacodylate
buffer, incubated in 2.0% OsO4 for 2 h, washed again in
cacodylate buffer, and then incubated in 1% uranyl acetate for
2 h. They were again washed in maleate buffer, and progres-
sively dehydrated in increasing ethanol concentrations before
being embedded in Spurr’s resin. Three tissue sections from
two randomly selected blocks from each of the lobes were used
for morphometric and TEM analysis.

Scanning electron microscopy was used to examine the
surface morphology of the alveoli in four sheep of each group.
After fixation, tissue samples were dehydrated and dried; they
were then coated with gold using a sputter coater (22). We
examined three to four fields in each of three blocks taken from
each animal.

For morphometric analysis by light microscopy, sections (5
�m) were prepared from paraffin-embedded samples and
stained with hematoxylin and eosin. For TEM, ultrathin sec-
tions (70–90 nm) were prepared using an ultramicrotome.
Sections were mounted on copper grids and stained with uranyl
acetate, rinsed with distilled water, and then stained in lead
citrate.

Morphometric analysis. All measurements were performed
blind by the same observer (G.S.M.). Using the 5-�m paraffin
sections, the Lm, or average distance between alveolar walls,
Tw, and the air and tissue volume densities were determined;
Tw included the blood–air barrier and the parenchyma of the
alveolar walls. An alveolus was defined as an airspace either
completely enclosed by respiratory epithelium or having a
smooth rounded contour for more than one third of a projected
circle, with the remaining boundary formed by an imaginary
line between the distal ends of secondary septa. For all of the
above variables, at least 15 nonoverlapping fields from each
section were analyzed. The total NA was determined using the
following equation: NA � VL � VA /Valv (23), where VA is
the percentage airspace of the lung and Valv is the mean
alveolar volume, computed as Lm � �/3 (24). The airspace
wall surface area per unit volume (Sv � 2/Lm) was determined
as described previously (25) and is expressed as square milli-
meter per cubic millimeter. The SA was calculated by using the
formula 4 � VL/Lm (26). To avoid sampling bias, the lungs
were sectioned at different sectioning planes (27). Analyses
were performed at �400 magnification.

Using TEM (28), we measured the ThBAB (the distance that
respiratory gases must travel), which was defined as the cap-

illary endothelial cell, the type 1 epithelial cell, and the base-
ment membranes between the endothelial and epithelial cells;
we also measured the harmonic mean thickness of the compo-
nents of the blood–air barrier (29).

Statistical analysis. Data on blood composition were ana-
lyzed by ANOVA (two-way, repeated measures, and t test),
and data on lung morphometry were analyzed by unpaired t
test. A probability level of p � 0.05 was designated as indi-
cating significance. Results are presented as mean � SEM.

RESULTS

Fetal physiologic data. Fetuses subjected to FGR had sig-
nificantly lower PaO2 than controls (13.7 � 0.6 versus 20.0 �
1.0 mm Hg); similarly, arterial oxygen saturation was lower in
FGR fetuses (31.1 � 2.0 versus 54.7 � 2.4%). FGR fetuses
had significantly elevated PaCO2 compared with controls (53.9
� 0.7 versus 49.2 � 1.3 mm Hg), whereas arterial pH was not
different (FGR, 7.33 � 0.01 versus control, 7.35 � 0.01; p �
0.07). FGR fetuses had lower blood glucose concentrations
than controls (0.5 � 0.0 versus 0.7 � 0.1 mM), whereas blood
lactate concentrations were not different (both groups, 1.0 �
0.1 mM). Animals subjected to FGR were born at an earlier
gestational age than controls (142.5 � 0.1 versus 147.0 �
1.1 d; p � 0.05); the mean birth weight of the FGR animals
(2.66 � 0.14 kg) was 41.3% less than that of controls (4.53 �
0.32 kg, p � 0.001).

Postnatal physiologic data. Between birth and 1 wk of age,
PaO2 was lower in FGR lambs than in controls (68.8 � 4.6
versus 88.8 � 7.4 mm Hg; p � 0.05), and PaCO2 was higher
(44.7 � 1.3 versus 38.8 � 1.5 mm Hg; p � 0.05); arterial pH
was not different. Between 1 wk after birth and 18 mo, there
were no significant differences in arterial gas tensions or pH
between FGR and control animals. Similarly, at 2 y, there were
no differences in PaO2 (FGR, 108.1 � 1.8 versus control, 111.0
� 3.4 mm Hg), PaCO2 (FGR, 35.2 � 1.0 versus control, 36.5 �
1.2 mm Hg), or arterial pH (FGR, 7.47 � 0.01 versus control,
7.47 � 0.01). At autopsy, there was no difference in body
weights between FGR (61.2 � 1.9 kg) and control (63.6 � 3.9
kg) animals. Static lung compliance, measured from the pres-
sure-volume curves, was not different between groups (Fig. 1).
There was also no difference when values were adjusted for
BW, lung weight, or calculated total lung volume; when
adjusted for lung volume, lung compliance was 108 � 16 mL
· cm H2O�1 · L�1 in FGR animals and 120 � 19 mL · cm
H2O�1 · L�1 in controls.

Lung volumes and weights. In FGR animals, total lung
volume was not different from that of controls (FGR, 1247 �
90 versus controls, 1183 � 102 mL; p � 0.05); however, after
adjustment for BW, the lung volume of FGR animals was
greater than in controls (FGR, 21.8 � 1.1 versus controls, 18.1
� 0.7 mL/kg; p � 0.01). The wet and dry weights of the lungs
of FGR animals were not significantly different from those of
controls (Table 2). When adjusted for BW, wet and dry lung
weights of FGR animals were not different from those of
controls. Consequently, the pulmonary water content of FGR
animals (81.4 � 1.0%) was not different from that of controls
(80.8 � 0.5%, p � 0.05).
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Pulmonary composition. Pulmonary DNA and protein con-
centrations (mg/g tissue) were not different between control
and FGR sheep (Table 2). Total pulmonary DNA and protein
contents were not different between groups; however, when
values were related to BW they tended to be 14% (p � 0.1) and
18% (p � 0.07) higher, respectively, in FGR animals than in
controls (Table 2). The ratio of DNA to protein concentrations
was not different between groups. Similarly, the elastin con-
centration of lung tissue was not different between groups
(control, 5.6 � 0.2 versus FGR, 5.2 � 0.4 mg/g lung). The
total pulmonary elastin content (control, 2.96 � 0.17 versus
FGR, 3.88 � 0.39 g) and elastin content adjusted for BW
(control, 50.9 � 2.8 versus FGR, 64.5 � 5.8 mg/kg) were also
not different.

Lung morphometry. The Tw of FGR animals was 5.99 �
1.36 �m, which was 57% greater than in controls (3.80 � 0.66
�m, p � 0.001; Fig. 2A). The Lm was 11% greater in FGR
animals than in controls (102.8 � 3.8 versus 92.3 � 2.7 �m,
p � 0.001). Valv in FGR animals (11.79 � 1.40 �L) was 47%
greater than in controls (8.02 � 1.03 �L, p � 0.001; Fig. 2B).

There were 28.1% fewer alveoli (Fig. 2C) in the lungs of the
FGR animals (8.62 � 0.32 � 106) than in controls (11.99 �
1.16 � 106, p � 0.01). The SA of the lungs of FGR animals
(48.87 � 2.85 m2) was not different from that of controls
(49.76 � 3.95 m2), but was lower when adjusted for BW (Fig.
3A; FGR, 0.70 � 0.03 versus control, 0.85 � 0.03 m2/kg; p �
0.01). The airspace wall surface area per unit volume (i.e. SV;
Fig. 3B) of the FGR animals (1.95 � 0.03 mm2/mm3) was 10%
less than in controls (2.17 � 0.03 mm2/mm3, p � 0.01). The

Figure 1. Pressure-volume relationships in the lungs of control (�) and FGR
(�) sheep during inflation and deflation with known volumes of air.

Table 2. Measurements made from the lungs of sheep at 2 y after
birth

Control FGR

Wet lung weight (g) 619.0 � 51.8 679.1 � 47.4
Wet lung weight (g/kg BW) 9.6 � 0.3 11.1 � 0.7†
Dry lung weight (g) 119.1 � 11.3 129.1 � 13.6
Dry lung weight (g/kg BW) 1.84 � 0.06 2.10 � 0.20
Water content of lungs (%) 80.8 � 0.5 81.4 � 1.0
Lung DNA concentration (mg/g lung) 4.51 � 0.19 4.49 � 0.17
Total lung DNA content (g) 2.74 � 0.18 3.03 � 0.23
Total lung DNA content (mg/kg BW) 43.4 � 2.2 49.4 � 3.1
Lung protein concentration (mg/g lung) 124.6 � 6.1 128.3 � 3.4
Total lung protein content (g) 77.4 � 7.5 86.9 � 6.1
Total lung protein content (g/kg BW) 1.20 � 0.07 1.42 � 0.09†
DNA/protein ratio 0.038 � 0.003 0.035 � 0.002

† Indicates differences between groups (p � 0.07).

Figure 2. Effect of FGR on the Tw (A), Valv (B), and NA (C) in 2-y-old
sheep. Asterisks denote significant differences (p � 0.05) between groups.
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volume density of airspace in the lungs (VA) was not signifi-
cantly different between groups (FGR, 82.8 � 1.1% versus
controls, 84.7 � 1.2%).

TEM revealed differences in the blood–air barrier of FGR
and control sheep (Fig. 4). The ThBAB of FGR sheep was 43%
greater than that of controls (FGR, 0.40 � 0.04 versus controls,
0.28 � 0.02 �m; p � 0.001). The harmonic mean thicknesses
of the epithelial and endothelial components of the blood–air
barrier of FGR sheep (0.16 � 0.02 �m and 0.14 � 0.02 �m,
respectively) were not different from values in controls (0.12 �
0.01 �m and 0.12 � 0.02 �m, respectively; both p � 0.05).
The basement membrane of the blood–air barrier of the FGR
sheep (0.10 � 0.01 �m) was 82% thicker than in controls (0.06
� 0.01 �m, p � 0.005). This basement membrane was of
uneven thickness in contrast to that in controls (Fig. 5).

TEM also showed that FGR resulted in altered structural
features of the alveolar septa. Changes included a thickening of
the basement membranes that separate fibroblasts from the
epithelial and endothelial cells of the blood–air barriers as a
result of an accumulation of ECM (Fig. 6). The cell junctions
between septal fibroblasts of FGR sheep appeared to be not as

tight as in controls, and thick layers of ECM were observed
between adjacent fibroblasts in FGR sheep (Fig. 6, A and B).
The mitochondria and RER of the fibroblasts tended to be
larger compared with those of controls (Fig. 6, A and B). In
septa of control sheep, mast cells occurred infrequently, usu-
ally as single cells interspersed with fibroblasts. In septa of
FGR sheep, numerous mast cells occurred grouped together in
the corners of the alveoli; three or more cells were often

Figure 3. Effect of FGR on SA/BW (A) and SV (B) of 2-y-old sheep. Asterisks
show significant differences (p � 0.05) between groups.

Figure 4. Effect of FGR on the ThBAB and its components. The ThBAB of FGR
sheep was significantly greater (p � 0.05) than that of control sheep. The mean
thicknesses of the epithelium (ThEP) and endothelium (ThEN) were not signif-
icantly different from those of controls. The harmonic mean thickness of the
basement membrane (ThBM) of FGR sheep was greater (p � 0.05) than that of
controls.

Figure 5. Electron micrographs of blood–air barriers of alveolar walls of
2-y-old control (A) and FGR sheep (B, C). In controls (A), the basement
membrane of the blood–air barrier (asterisk) is of even thickness with a
continuous lamina densa. In FGR sheep, the basement membrane of some of
the blood–air barriers (B) was of even thickness (asterisk), whereas others (as
shown in C) were of uneven thickness because of the accumulation of ECM
between the epithelial cell and the lamina densa (double asterisk). (alv,
alveolar side of blood–air barrier lined by type I alveolar epithelial cells; cap,
capillary side of the blood–air barrier lined by endothelial cells) Bar � 1.0 �m
(applies to A–C).
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grouped together (Fig. 6, B and C). In contrast to the fibro-
blasts, the RER and mitochondria of alveolar type II cells were
not affected by FGR (Fig. 7).

We used scanning electron microscopy to observe the sur-
face morphology of the alveoli in control and FGR sheep (n �
4 each group). Although we could not quantify them, it is
apparent that more fenestrations (pores of Kohn) were present
in the alveolar walls of the lungs of each of the four FGR sheep
than in the four control sheep (Fig. 8).

DISCUSSION

Structural changes observed in mature FGR sheep were
similar both qualitatively and quantitatively to those observed
previously in 8-wk-old FGR lambs (12); in addition we ob-
served fenestrations in alveolar walls that were not present at 8
wk. Most of these changes were not seen in the near-term fetus
(12) but developed after birth. It is apparent that some alter-
ations, such as a lower NA and an increase in Tw, became more
pronounced as the lungs develop after birth. The structural
changes seen in the lungs of FGR animals at 8 wk after birth

Figure 6. Electron micrographs of the alveolar walls of control (A) and FGR (B
and C) sheep 2 y after birth. The basement membranes of adjacent interstitial cells
in the alveolar walls of the control lung (A) are thin (asterisks), resulting in the cells
being in close contact. In the FGR sheep (B and C) spaces between adjacent
interstitial cells are prominent and filled with ECM (#). The fibroblasts (F) and
mast cells (M) are often separated by thick layers of ECM. Mitochondria (black
arrows) are larger and the rough endoplasmic reticulum (white arrows) more
prominent than in interstitial cells of the control lung. Bar � 1.0 �m (applies to
A–C).

Figure 7. Electron micrographs of alveolar type II cells of 2-y-old control (A)
and FGR (B) sheep. The mitochondria (single black arrows), RER (white
arrows), and lamellar bodies (double black arrows) in these cells were similar
in both groups of sheep. Bar � 1.0 �m (applies to A and B).
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(12) and at maturity were likely a result of prenatal growth
restriction as there was no evidence that the growth of the FGR
lambs after birth was restricted. Although FGR lambs re-
mained small at 8 wk after birth (12), by approximately 2.3 y
there was no difference in the body or lung weights of the two
groups.

In interpreting the effects of chronic placental insufficiency
on fetal lung development, it is necessary to consider the stages
of lung development that coincide with the prenatal insult, as
well as the duration and severity of the insult. In our study, the
late gestational UPE coincided with the saccular and alveolar
stages of lung development (9); hence we have focused on the
gas-exchanging components of the lungs.

Thickness of alveolar walls. In control animals, thinning of
the alveolar septa was completed by 140 d GA, and no further
thinning occurred after birth (12). Although there was no
difference in the thickness of the alveolar septa between control
and FGR fetuses near term (12), the alveolar septa of FGR
animals were markedly thicker than those of controls at 8 wk
(12) and 2 y after birth. This suggests that the in utero
development of alveolar septa was not affected by placental
insufficiency and FGR, but that thickening of the alveolar walls
occurred after 140 d GA, during the late alveolar and postal-
veolar phases of lung development. Inasmuch as the lung wet
weight-to-dry weight ratios of the adult control and FGR sheep
were not different, it is unlikely that edema contributed to
thickening of the alveolar walls. The pulmonary DNA and
protein data suggest that the cell numbers and cell size in the
alveolar walls were similar to those in controls. Thus it is likely
that the accumulation of ECM was the major cause of alveolar
wall thickening at 8 wk (12) and 2 y; this was confirmed by

TEM, which clearly showed thick layers of ECM and thick-
ened basement membranes. Our data show that pulmonary
elastin content of 2-y-old animals was not affected by FGR,
and therefore did not contribute to the increase in ECM and
thicker alveolar walls of the 2-y-old FGR lambs. It therefore
appears that glycoprotein synthesis in the RER of the septal
fibroblasts of FGR sheep may have been increased.

Septal thickening after the period that is normally associated
with thinning of the alveolar septa suggests that the conse-
quences of FGR may not necessarily be apparent during, or at
the end of, a particular phase of lung development but may
develop later in life. The observation that the septal thickness
of adult FGR sheep resembled that of 8-wk-old FGR lambs
(12) suggests that the thickening of the alveolar septa in FGR
lambs is irreversible. It also suggests that factors that induce
the thickening of the alveolar septa of FGR animals are not
active after 8 wk. It is therefore likely that the rate of synthesis
and degradation of ECM components after 8 wk was balanced
so as to maintain the increased thickness of the alveolar walls
of FGR animals.

The reason for the greater accumulation of ECM in the
alveolar walls and in the basement membranes of the blood–air
barrier in FGR animals is unknown. It is, however, interesting
that fibroblasts in the alveolar walls of FGR sheep had enlarged
mitochondria and a more prominent RER, indicative of in-
creased activity of these organelles (30). It has been shown in
rats that after a single episode of neonatal hypoxia, pulmonary
fibroblasts and endothelial cells show an unusual dilatation of
the RER that persisted for 3 mo (31), indicating that hypoxia
can exert a persistent alteration in the metabolic processes in
these cells. Other studies have shown that hypoxia stimulates
ECM production by fibroblasts (32, 33). As the PaO2 of the
FGR animals in both our present and previous studies (11) was
lower during the early postnatal period than in controls, it is
plausible that the accumulation of ECM in the alveolar walls of
the lungs of the FGR sheep was induced by early postnatal
hypoxia. The absence of a difference in PaO2 between the
groups after the neonatal period may explain why there was no
further thickening of the alveolar walls after 8 wk. An alter-
native explanation for differences in ECM deposition between
groups is that owing to the reduced number of larger alveoli in
FGR animals, the breathing-related distribution of alveolar
wall tension may have differed from that in controls; increased
deposition of ECM in FGR animals may have been an adaptive
response to resist higher levels of alveolar wall tension during
normal tidal breathing.

The blood–air barrier. The blood–air barrier of the adult
FGR sheep, like those of the FGR fetuses and 8-wk-old lambs
(12), was markedly thicker than that of controls. A comparison
of data from our previous study (12) with the findings of the
present study shows that the thickness of the blood–air barrier
of the FGR and control animals remains constant after birth,
and that the difference in thickness is maintained for 2 y. Our
morphometric analysis shows that the thicker blood–air barrier
of the lungs of FGR sheep was the result of a thicker basement
membrane, suggesting that once the basement membrane is
laid down, its thickness remains unchanged. The reason for this
is unknown, but it is clear that the increased thickness of the

Figure 8. Scanning electron micrographs of the alveolar surface of lung tissue
of 2-y-old control (A and B) and FGR sheep (C and D). The alveolar
fenestrations (pores of Kohn) in the lungs of FGR sheep were more numerous
than in control sheep.
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basement membrane occurs before birth. The thicker basement
membrane was likely maintained by the synthesis and deposi-
tion of basement membrane during lung development exceed-
ing the rate of degradation.

It is known that entactin, which is produced by the alveolar
epithelial cells, is an integral basement membrane component
that binds laminin and type IV collagen (34). Entactin, lami-
nin-1, and type IV collagen are expressed in developing lung
during late gestation and early neonatal life (34). Laminin and
entactin are required for the synthesis of a continuous lamina
densa in the basement membrane (35). In our study we found
a continuous lamina densa in the basement membrane of the
blood–air barriers of both groups of adult sheep. This implies
that the synthesis and release of these proteins by the fibro-
blasts and type II cells (36) were not affected by the hypoxia or
lack of nutrients associated with FGR during the saccular and
early alveolar phase of lung development.

Alveolar number and dimensions. We recently showed that
alveolarization continues to occur after birth in the sheep and
that the alveolar number per respiratory unit of 8-wk-old FGR
sheep is less than that of controls (12). Two years after birth,
the NA of sheep subjected to FGR was still lower than in
controls. Because the difference in NA of the FGR and control
sheep remained essentially unaltered between postnatal wk 8
(12) and 2 y of age, it is unlikely that there will be catch up of
the alveolar numbers as the animals age because alveolariza-
tion would have come to an end.

We recently showed that the induction of UPE had no
influence on alveolar size in the fetus and thus on the prenatal
formation of secondary septa (12). The increase in alveolar size
between 140 d GA and 8 wk after birth, which was seen in both
groups (Table 3), was caused by enlargement of the existing
airspaces, as described previously in normal animals (12). An
increase in alveolar volume, as a result of progressive destruc-
tion of the alveolar walls, is associated with the development of
emphysema. Various definitions of pulmonary emphysema
have been proposed, all of which include reference to the
abnormal enlargement of airspaces distal to the terminal bron-
chiole (37, 38). The greater Lm and Valv in adult FGR sheep,
compared with controls, is an indication of abnormal enlarge-
ment of the airspaces. This is, however, not necessarily indic-
ative of emphysema because there are no baseline data for Lm
and Valv for emphysema. On the other hand, SV is an objective

quantitative method for the identification of microscopic
emphysema.

The SV of human lungs decreases linearly with advancing
age after lung development stops (39). If the reduction in SV

within an age group is greater than 5% it is regarded as a sign
of microscopic emphysema (39). In the present study, SV in
FGR sheep was 10.1% lower than in controls, implying that
their lungs have signs of microscopic emphysema. In addition,
scanning microscopy showed a greater number of fenestrations
in the alveolar walls in the 2-y-old FGR sheep than in controls.
According to some studies these fenestrations (pores of Kohn)
are related to the onset and presence of emphysema (40).

Effects of postnatal age on the lungs of normal and FGR
sheep. In Table 3 we use data from our previous study (12) and
the present study to document age-related changes in the lungs
of normal and FGR sheep. It is known that thinning of the
septal walls occurs as the lung matures (41). In this study we
showed that septal thinning was completed before birth as no
further thinning occurred after birth. However, thinning of the
blood–air barrier does occur after 140 d of gestation. Between
8 wk and 2 y after birth the thickness of the blood–air barrier
of the control animals remained unchanged. In contrast, in
FGR animals, the septal walls increased markedly in thickness
after birth and, as in control animals, this thickness was
maintained to maturity. Although the blood–air barrier of the
FGR animals also became thinner after birth, it remained
thicker than in controls; such a thickening has been associated
with aging of the lungs (42).

Breaks in the continuity of the alveolar septum accompanied
by epithelial discontinuity are recognized as pores of Kohn
(43). These pores were not observed in the lungs of 140-d-old
fetuses and 8-wk-old lambs (12), but at 2 y of age they were
present in both the control and FGR sheep. However, more
pores were apparent in the alveoli of the mature FGR sheep
than in control sheep. The increase in the number and size of
the pores of Kohn is recognized as an early sign of alveolar
senescence (44) and emphysema (45). Thus, the lungs of the
FGR sheep were apparently aging more rapidly than those of
controls.

Although mast cells were rarely seen in the alveolar septa of
control sheep, they were often present in FGR sheep at 2 y. In
the controls, these cells occurred singly whereas in FGR sheep
they were usually grouped together in clusters of three or more.

Table 3. Comparison of pulmonary morphometric data from control and FGR sheep as near-term fetuses (140 d of gestation), at 8 wk
after birth, and at 2 y after birth

140 d of gestation 8 wk after birth 2 y after birth

Control FGR Control FGR Control FGR

Tw 3.49 � 0.04 3.29 � 0.14 3.74 � 0.16 6.49 � 0.01* 3.80 � 0.66 5.99 � 1.36*
Lm 67.6 � 0.9 70.2 � 1.7 83.7 � 3.2 89.2 � 3.2 92.3 � 2.7 102.3 � 3.8*
ThBAB 0.34 � 0.01 0.50 � 0.02* 0.24 � 0.01 0.36 � 0.06* 0.28 � 0.02 0.40 � 0.04*
ThEP 0.14 � 0.02 0.16 � 0.02 0.10 � 0.007 0.15 � 0.01 0.12 � 0.01 0.16 � 0.02
ThEN 0.14 � 0.02 0.17 � 0.01* 0.10 � 0.008 0.12 � 0.02 0.12 � 0.01 0.14 � 0.02
ThBM 0.06 � 0.01 0.19 � 0.01* 0.05 � 0.004 0.11 � 0.01* 0.06 � 0.008 0.10 � 0.01*
VA (%) 87.1 � 0.3 87.0 � 0.7 86.7 � 0.4 81.6 � 0.4* 84.7 � 1.2 82.8 � 1.1

All dimensions are in micrometers. Data from 140-d-old fetuses and 8-wk-old lambs are taken from Maritz et al. (12). * Significant difference between control
and FGR (p � 0.05). ThEP, thickness of the epithelial cell; ThEN, thickness of the endothelial cell; ThBM, thickness of basement membrane.
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The reason for this is not clear; however, it has been shown that
the mast cell population in rat lungs increases with age (46).
Taken together, the data from our study suggest that the lungs
of our FGR sheep were aging faster than those of the control
sheep.

CONCLUSIONS

We conclude that changes in lung structure induced by FGR
during the saccular and alveolar phases of fetal lung develop-
ment were present in adult sheep and were of similar magni-
tude to those previously seen at 8 wk of age. This indicates that
the changes induced by hypoxemia or nutrient restriction dur-
ing early stages of lung development were permanent. In the
lungs of mature FGR sheep, the presence of a smaller number
of larger alveoli, together with evidence of increased numbers
of mast cells and alveolar fenestrations, is suggestive of pre-
mature lung aging. The long-term functional consequences of
emphysematous alterations in lung structure are presently un-
known, but they could affect later respiratory health and the
rate of lung aging.
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